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Introduction
The role of direct interspecific interactions in structuring communities is evident 10 in extensive examinations of competition (Connell, 1983; Schoener, 1983 ) and predator- 11 prey relations (Sih et al., 1985; Martin, 1988) . The strength of indirect effects occurring 12 among different trophic levels has received much less attention, which is likely a result of 13 the inherent difficulty in detecting these types of relationships (Wooton, 1994) . The role 14 of a requisite third species in these events compromises the efficacy and timely detection 15 of indirect interactions (Davidson et al., 1984) . 16 Indirect ecological interactions among species in disparate taxa are essential to the 17 functional roles of these individual species (Christensen and Whitham, 1993 ; Elkinton et 18 al., 1996; Martinsen et al., 1998) . Discounting or ignoring the role of indirect effects can 19 lead to erroneous conclusions regarding community dynamics of a system (Davidson et   20 al., 1984; Wooton, 1992) . Insects and vertebrates can interact to influence species 21 composition, organic decomposition, and soil properties within an ecosystem (Sharpe et 22 al., 1995; Elkinton et al., 1996) . Several studies have shown that attack by one consumer 23 can increase susceptibility to attack by others. Browsing by mammalian herbivores can 24 lead to increased densities of leaf-eating (Martinsen et al., 1998) and galling insects Rudolph (1995) suggested that pecking at resin wells by red-cockaded woodpeckers 6 (Picoides borealis) may increase susceptibility of cavity trees to infestation by bark 7 beetles (Dendroctonus frontalis.) Similarly, defoliation of jack pine (Pinus banksiana) by 8 the jack pine budworm (Choristoneura pinus pinus) led to increased colonization by 9 subcortical insects (Wallin and Raffa, 2001 ). 10 We examine a novel interaction involving 2 dendrophagic species and their tree 11 hosts to advance our understanding of plant-herbivore interactions. Previous research 12 effort in this area has focused on leaf-eaters and defoliation. The cost to defend, repair, 13 and replace bark damaged by dendrophages likely differs from damage produced by 14 defoliators, warranting examination of a model system involving indirect interactions 15 among a host plant and 2 dendrophages. Our study animals, the porcupine (Erethizon 16 dorsatum) and bark beetles (Coleoptera: Scolytidae), are taxonomically distinct 17 dendrophagous taxa occurring sympatrically in many wooded ecosystems. Their 18 phloem-feeding activities impact nutrient flow within the host tree, as opposed to nutrient 19 production (by defoliators) or nutrient storage and acquisition (by root pathogens). 20 Phloem feeding causes wounding or girdling, thereby altering translocation of 21 carbohydrates and resulting in increased activity of bark beetles (Dunn and Lorio 1992). 22 Mechanisms of host attack exhibited by porcupines and bark beetles differ. The 23 porcupine exploits a variety of habitat types (Roze and Ilse, 2003) and prefer to attack 24 healthy, vigorous trees (Sharpe et al., 1995) . A strict herbivore, it consumes deciduous 25 leaves and herbaceous matter during spring and summer, but feeds primarily on inner 26 bark and coniferous foliage during the winter and fall (Roze and Ilse, 2003 (Spencer, 1964) . Conversely, scolytid species of the Ips genus, emerge in spring and 3 aggregation and development of multiple generations occurs through summer (Stark, 4 1982 ). Furthermore, they attack, feed, and oviposit in stressed or otherwise compromised 5 conifers (Raffa et al., 1993) and exhibit greater host specificity at the species level 6 (Wood, 1963; Cane et al., 1990) . Events known or presumed to precipitate pine engraver 7 and other bark beetle infestations include fire, severe drought, mechanical injury, 8 lightning, and even cavity-nesting by the red-cockaded woodpecker (Blanche et al., 1985; 9 Nebeker and Hodges, 1985; Conner and Rudolph, 1995). As with porcupine damage, 10 host mortality following infestation is contingent upon attack intensity and tree vigor.
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The constitutive oleoresin system of healthy conifers acts as a primary defense 12 response against bark beetle attack by flushing out invaders. A secondary, or induced, 13 response contains the infestation when the primary response is insufficient to repel attack 14 (Berryman ,1972; Cates and Alexander, 1982; Raffa, 1991) . Chemical and nutritional 15 imbalances resulting from a variety of stressors diminish a host's ability to mount a 16 defensive response and increase the potential for pathogenic infection and increased These observations led to development of our hypothesis that porcupine-feeding activity 25 acts similar to other mechanical stressors (e.g., fire, lightning, cavity-building), 26 predisposing these pinyon pines to subsequent colonization by bark beetles and 27 Ilse and Hellgren 6 producing an asymmetric, indirect interaction between these 2 dendrophages. We 1 compared morphological and physiological characteristics, as well as colonization 2 success of I. hoppingi, of trees that were (target) or were not (nontarget) attacked by 3 porcupines. We predicted that if a facultative association occurred among these taxa, we 4 would observe greater colonization of pine engraver beetles on those trees that had been 5 previously damaged by porcupines. We also predicted that we would discern differences 6 in morphology and physiology of target and nontarget trees attributed to taxon-specific 7 host selection. 
Study area and methods
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2.1 Study area 12 13 Research was conducted on the 2577-ha Kickapoo Caverns State Park (KCSP; in canyons and drainages where moisture was more abundant and soil was deeper. 7 Pinyon pines and netleaf hackberry (Celtis reticulata) also occurred in these areas. 8 Dominant grasses include threeawn and annual dropseed (Sporobolus spp.). 11 12 Porcupines were captured in cage-type live traps (Tomahawk Live Trap Co., 13 Tomahawk, WI) using apples and salt as bait (Hale and Fuller 1996) or by immobilizing 14 animals in trees or dens by use of an adjustable pole-mounted syringe. We immobilized 15 porcupines with a mixture of tiletamine hydrochloride and zolazepam hydrochloride 16 (Telazol®, A.H. Robbins, Richmond, VA) at a rate of 7 mg/kg body weight (Hale et al., 17 1994). All animals were marked with self-piercing ear tags (National Band and Tag Co., 18 Newport, KY), and individuals > 1.5 kg body mass were outfitted with radio-transmitters 19 (L&L Electronics, Manomet, Illinois) secured by nylon mesh collars. 22 23 We used radiotelemetry to locate and obtain visual observations on all animals at 24 least twice weekly during 1997-1999. Triangulation was used only when an animal left 25 the study site and lack of appropriate authorization or hunting seasons precluded our safe 26 and/or lawful access. We recorded location and activity of each porcupine and the tree 27 species for every animal located within a tree. Three hundred, 0.04-ha fixed-radius plots 28 Ilse and Hellgren 8 were randomly established across the study site and sampled to assess relative availability 1 of tree species. We tallied all trees > 1.5 m in height because porcupines were rarely 2 observed using trees shorter than this threshold. 5 6 We randomly established 20, 500-m transects ( (1981) for woody tissues. Three extractions were completed using 80% ethanol and then 13 brought to volume using 80% ethanol for a 1:400 dilution. Glucose, fructose, and 14 sucrose were identified using high-pressure liquid chromatography (HPLC) and 15 expressed in mole fractions (µmol/mL; Russo et al., 1998). 16 Resin for monoterpene analyses was collected from the same 3 randomly selected 17 pairs of trees used in carbohydrate analyses. Holes (12 mm) were drilled at an upward 18 angle into the tree and 1-dram glass vials were screwed directly into the holes to alleviate 19 evaporative loss of hydrocarbons. Vials were removed after 24 h and the resin they 20 contained was processed for subsequent gas chromatograph analysis of 7 monoterpenes 21 (α-pinene, camphene, sabinene, β-pinene, myrcene, limonene, and terpinolene). Equal 22 volumes of chromatographic grade pentane were added to aliquots of each sample 23 (Snyder, 1992) to facilitate injection into a gas chromatograph (Smith, 1977 Selection of tree species by porcupines was determined by comparing use with 1 availability using compositional analysis (Aebischer et al. 1993 ) and individual 2 porcupines as the experimental unit. Analyses were restricted to porcupines with >20 3 locations in trees (n = 19) and to 4 groups of tree species: oaks, junipers, pinyon pines, 4 and other. Tree availability was based on plot sampling. 24 25 Thirty-seven porcupines (24F;13M) were equipped with radio collars and were 1,118) were in trees, 14% (n = 197) were on the ground, and only 6% ( n = 86) were 1 located in dens. 2 We tallied 1,046 trees representing 10 distinct genera in the plot sampling. Ashe 3 juniper, Texas persimmon, oaks, and pinyon pines accounted for 92% of all available tree 4 species, and 97% of all porcupine observations occurred in these species. Trees were 5 used nonrandomly ( χ 2 3 = 35.6, P < 0.001) by the 19 porcupines included in the analysis. 6 Pinyon pines ranked highest in selection, and were preferred (P < 0.05) in all pairwise 7 comparisons with other tree groups. Oaks ranked second, and were preferred (P < 0.05) 8 relative to junipers and other trees. 11 12 Data were collected on 366 trees (183 pairs). Four morphological characteristics 13 differed between target and nontarget trees ( Table 2 ). Porcupines used trees that were the interacting effects of beetle activity and tree classification (F 2,92 = 3.94, P = 0.02). 4 Basal area of pinyon pines (Table 2) 13 14 Target trees had greater resin flow than nontarget trees (Table 2) . Plant moisture The most abundant monoterpenes in target and nontarget trees (n = 120) were α-3 pinene, β-pinene, and limonene (Table 3) . Alpha-pinene concentration was correlated terpinolene ( r = 0.45, P < 0.0001) and terpinolene and sabinene ( r = 0.97, P < 0.0001).
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Of the terpenes we examined, only myrcene concentration differed between 11 target and nontarget trees (P = 0.008; Table 3 ). Negative associations were detected 12 between area of bark removed and levels of sabinene ( r = -0.48, P = 0.03), terpinolene ( 13 r = -0.47, P =0.03), and myrcene ( r = -0.16, P = 0.08). Sabinene, limonene, and 14 terpinolene occurred in lower proportions in trees that had been colonized or attacked 15 than in trees with no beetle activity ( Table 3 22 23 Our findings are compatible with our predictions that porcupine bark-feeding 24 activity predisposes pinyon pines to subsequent bark beetle activity. Our results do not 25 unequivocally define the mechanism that explains our observations. However, we 26 propose and elaborate 2 non-exclusive and likely interacting mechanisms responsible for the facilitative association observed in our study. These mechanisms are, first, that 1 porcupine damage is a stressor needed for successful colonization by bark beetles, and 2 second, that porcupine damage causes release of volatile terpenes, which in turn cue pine 3 engraver beetles to the status of potential colonization sites. In addition, we will reject 4 alternative explanations regarding the direction of the indirect interaction. 5 The first mechanism, that porcupine damage represents an additional stressor 6 requisite to infestation by these bark beetles, is supported by our result that trees damaged 7 by porcupines were more likely to be colonized by bark beetles than undamaged trees. In facilitated because of the diminished resistance by the host tree. We postulate that injury 19 to trees by porcupines elicits a similar response, causing the tree to displace nutrients 20 used for growth to the wound site for defense (Christiansen et al., 1987) . Disruption of 21 carbon allocation by reallocation of photosynthates to terpenes and resins surrounding 22 feeding scars, and therefore away from the remainder of the tree, puts the tree at 23 increased vulnerability to beetle infestation. (Spencer, 1964) . These data validate the contention that morphological selection of trees 17 by porcupines reflects foraging optimization (Roze, 1989) . 18 We reject alternative explanations regarding the direction of the indirect 19 interaction. First, it is unlikely that beetles are predisposing subsequent feeding by 20 porcupines because beetles are facultative colonizers, usually requiring stressed hosts 21 (but see Santoro et al., 2001 ), whereas porcupines are not limited by host health. 22 Facilitation of beetle attack by porcupine feeding exemplifies an asymmetrical process. 23 Porcupines, because of their size, sharp incisors, and large claws, select large, healthy 24 trees from which they can easily remove bark. Ips, however, is a facultative parasite that limb/whole tree, rendering it unavailable for use by porcupines. 5 We also reject the alternative explanation that the relationship we observed was a 6 result of similar tree preferences by the 2 dendrophages in our study system. This on trees with higher levels of glucose and fructose was not surprising given nutritional 18 requirements of the pine engraver (Haack and Slansky, 1987). 19 We propose that the second mechanism to explain the directional nature of the 20 association between beetle colonization and porcupine feeding activity is that damage by 21 porcupines causes release of volatile terpenes, thereby cueing pine engraver beetles to 22 presence of toxic substances and availability of potential pheromone precursors. Such a 23 mechanism parallels that observed for defoliator-conifer-bark beetle models of host- Chemical reactions between host monoterpenes and pheromone production are and I. hoppingi, which are closely related to I. paraconfusus but are host-specific to 19 pinyon pines. They attributed this lack of specificity to recent phylogenetic divergence of 20 these beetles. Based on the close phylogenetic relationship among these species of Ips, 21 we speculate that myrcene and α-pinene may be suitable pheromone precursors for I. 22 hoppingi.
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The overwhelming dominance of monoterpene composition by α-pinene in all 24 groups of trees may have masked an association between beetle colonization and this 25 terpene. Alpha-pinene, a major constituent of pines and other conifers, is particularly 26 dominant in pinyon pines. Percent composition of this monoterpene ranges from about 27 10% in ponderosa pine (Sturgeon, 1979; Snyder, 1992) were also free of porcupine and/or beetle damage (Ilse, 2001 ). Conservation concerns on 14 the study area also precluded the ability to artificially inflict damage requisite to 15 experimental manipulation. Therefore, we were unable to adequately test our hypothesis 16 with an experimental manipulation at our study site. However, our detailed observational 17 data supports the hypothesis and rejects alternative explanations. 18 The novel aspect of our work is the focus on the indirect effects of a vertebrate 19 dendrophage on a insect dendrophage with the same host plant, as opposed to the large 20 body of work exploring effects of insect defoliators on host plant suitability to other 21 insect herbivores. However, the proposed mechanisms for the association between 22 porcupines and bark beetles fit within the framework of integrated theories explaining 23 host plant-herbivore interactions. First, the porcupine feeding process can be generalized 24 to a mechanical stress to the host tree, rendering it susceptible to invertebrate infestation.
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The outcome of the invertebrate attack likely depends on the interaction among seasonal 26 timing of initial damage by porcupines, attack magnitude by beetles, and the induced- 4 5 b Main effect of porcupine damage (present or absent). 6 7 c Main effect of level of beetle activity. 8 9 d See text for discussion of interactive effects. 
